Several processes may limit the accretion rate onto a super-massive black hole (SMBH). Two processes that are commonly considered (e.g., for sub-grid prescriptions) are Bondi-Hoyle-Lyttleton accretion and the Eddington limit. A third one is AGN wind feedback. It has been long suggested that such a wind feedback regulates the final SMBH mass, however, it has been shown recently that AGN winds can also regulate the average accretion rate at a level consistent with observations of high redshift AGNs. In this paper we study the effect of wind feedback on the accretion rate using 2D, high resolution hydrodynamic simulations, that incorporate a self-consistent wind injection scheme and resolves the SMBH sphere of influence. Two different cases are explored and compared: one in which the initial gas density is uniform, and one in which it has an isothermal sphere profile. We also compare simulations with and without cooling. Our main finding is that for reasonable parameters, AGN feedback always limits the accretion rate to be far below the Bondi-Hoyle-Lyttleton limit. For typical wind parameters and a uniform ISM densities of n ∼ 1 cm −3 , the accretion rate is found to be several orders of magnitudes smaller than that inferred in large samples of high redshift AGNs. On the other hand, the accretion rate obtained for initially isothermal density profile is found to be consistent with the observations, particularly when cooling is included. Furthermore, it roughly scales as σ 5 with the velocity dispersion of the bulge, in accord with the M − σ relation
INTRODUCTION
AGN winds have long been thought to constitute an important feedback mechanism that regulates the growth of supermassive black holes (SMBHs) in the early universe, and affects the evolution of their host galaxies. Hydrodynamical cosmological simulations that include AGN feedback (e.g., Di Matteo et al. 2005; Robertson et al. 2006; Sijacki et al. 2007; Debuhr et al. 2011; Vogelsberger et al. 2014; Schaye et al. 2015; Sijacki et al. 2015; Dubois et al. 2016; Weinberger et al. 2018) cannot resolve the detailed physics of accretion onto the SMBH and must resort to sub-grid prescriptions, commonly based on Bondi-Hoyle-Lyttleton accretion models. Recently, Negri & Volonteri (2017) made a detailed comparison study of various methods developed in the past two Email: meirzh10@gmail.com decades, in an attempt to elucidate how different assumptions affects the resultant black hole accretion rate. Their analysis indicates a large variation in the accretion rate (and other properties) between the different feedback models reported in the literature. In particular, simulations that invoke more realistic schemes of wind injection (e.g., Ostriker et al. 2010; Choi et al. 2012 Choi et al. , 2014 Ciotti et al. 2017; Negri & Volonteri 2017) find substantially lower accretion rates. However, those latter studies, while incorporating important processes such as cooling, star formation and supernovae feedback into the analysis, do not elucidate the details of the interaction of the AGN wind with the ambient gas, as well as its dependence on initial and boundary conditions and on grid resolution. Other simulations (e.g., Nayakshin & Zubovas 2012; Wagner et al. 2013; Bourne et al. 2015; Zubovas et al. 2016 ) while studying various aspects of AGN feedback on different scales (e.g., triggering star formation, ablating clouds in a two phase media) invoke a constant wind power and, therefore, are unable to directly model the feedback mechanism on the AGN wind, which is the main focus of this work.
It has been argued recently (Levinson & Nakar 2018, hereafter LN18 ) that various measurements of BH mass, accretion rate and Eddington ratio in large samples of AGNs in the redshift interval 0 ≤ z ≤ 7, indicate a roughly constant accretion rate at redshifts z > 2, with a mean value of a few tens M /yr (Kurk et al. 2007; Willott et al. 2010; Trakhtenbrot et al. 2017) , and a sharp decline with cosmic time below z 2 (Trakhtenbrot et al. 2011; Trakhtenbrot & Netzer 2012) . The inferred Eddington ratios of sources in the accretion plateau (z ≥ 2) are scattered between 0.1 and 1, with a mean at 0.3 roughly, indicating mildly sub-Eddington accretion by the SMBHs in this sample. Based on these data LN18 argued that the accretion trend exhibited by the high redshift AGNs (z > 2) is consistent neither with the infall rate of the gas in the hallo nor with the Eddington limit. Furthermore, the inferred mass accretion rate seems to be considerably higher than that found in recent simulations that treat wind injection in a self-consistent manner. (e.g., Ciotti et al. 2017; Negri & Volonteri 2017, and references therein) .
Motivated by these considerations, LN18 constructed a simple analytic model for the interaction of an AGN wind with the galactic medium, in which the accretion rate is limited by momentum balance between the wind and the infalling matter. The tacit assumption underlying this model is that once the accretion rate exceeds this critical value, the shocked bubble created by the expanding wind (henceforth termed cocoon 1 ) will push all the matter surrounding it, thereby completely halt accretion, chocking the wind. As the wind weakens accretion is resumed. LN18 have shown that this intermittent wind injection process keeps the mean accretion rate roughly constant, at a level consistent with the observations described above. Once the expanding cocoon expels the entire gas in the bulge, black hole growth ceases. This gives rise to an M − σ relation (Kormendy & Ho 2013 , and references therein), in a manner similar to that proposed originally by Silk & Rees (1998) and later by King (2003) , but with quantitative differences. Previous analytic work (King 2003 (King , 2010 Zubovas & King 2012; Faucher-Giguère & Quataert 2012; Costa et al. 2014; King & Pounds 2015) , while studying various aspects of wind propagation and its interaction with the ambient medium, did not address the feedback on the wind injection.
As mentioned in LN18, a caveat concerning their feedback scenario is the implicit assumption that accretion of shocked material is negligible. It could well be that some filaments of shocked ambient matter produced by, e.g., KelvinHelmholtz and Rayleigh-Taylor instabilities (e.g., Nayakshin & Zubovas 2012) , and/or dense matter accumulated around the equatorial plane, are being pushed in by the gravitational force and ultimately swallowed by the black hole. This might alter the estimate of the regulated accretion limit derived in LN18. Clumpy medium may also affect the feedback process (e.g., Nayakshin & Zubovas 2012; Wagner et al. The red and green arrows indicate the streamlines of shocked wind material that crossed the reverse shock and shocked ambient gas that crossed the forward shock, respectively. The shocked wind and ambient matter are separated by a contact surface.
2013; Bourne et al. 2014; Costa et al. 2014) . Additional assumption made in LN18 is that the wind is not highly collimated and that the ambient density is roughly spherical, as expected in high redshift bulges. If one of these assumptions is not satisfied, then the wind may escape the galaxy without depositing its entire energy in the bulge. Wind collimation may also alter the shape and dynamics of the cocoon, and in particular the time it takes the shock to cross the bulge.
The main goal of this work is to study the hydrodynamics of wind feedback on the accretion process down to scales smaller than the radius of the SMBH sphere of influence. To do that, we perform high resolution 2D hydrodynamical simulations that resolve such scales and capture the essence of the interplay between the wind and the infalling galactic matter. The injection of the wind is treated in our numerical model in a self-consistent manner, similar to the method employed by Ciotti et al. (2017) and Negri & Volonteri (2017) , as explained in detail below. We also compare runs with vastly different density distributions, and show that it can greatly affect the accretion rate and the feedback physics. In particular, the density distribution adopted in the works hitherto cited cannot account for the high accretion rates measured at in samples of high redshift AGNs. A diagram showing the structure of the cocoon and the different flow components is given in Fig. 1 .
NUMERICAL SCHEME
The numerical model computes the interaction of a wind ejected from the inner boundary of the simulation domain with infalling matter in a spheroidal galaxy. The protogalaxy is modelled as an isothermal sphere of dark matter, having a radius R b and a constant velocity dispersion σ = 300 σ300 km s −1 , that contains gas of density ρg. The total mass of the dark matter halo is related to its radius and velocity dispersion through M b = 2σ 2 R b /G. The gravitational potential of the protogalaxy is taken to be
where
is the sphere of influence of the SMBH and MBH = 10 8 M8M its mass. The gravitational potential contributed by the black hole can be expressed as
The net gravitational potential included in our simulations is the sum: Φ = Φ b + ΦBH . The characteristic free-fall time within ra,
is henceforth used as our reference time. Since the primary goal of this paper is to study the interplay between the accreted gas and the wind, treating feedback in a selfconsistent manner, we set the rotational velocity of the gas in the galaxy to zero. This tacitly assumes that angular momentum is unimportant on scales resolved by the simulation. Well within the sphere of influence the centrifugal barrier will ultimately lead to formation of a disk around the SMBH, from which the putative wind in expelled. The simulation domain extends from some inner boundary, taken to lie within the sphere of influence, rin ra, to the outer edge of the protogalaxy, rout = R b . In the results presented below the inner boundary is at rin = 0.1ra. We have also run cases with other values of rin and verified that the results are not significantly affected by the choice of rin provided it is much smaller than ra. The wind is injected from the inner boundary within two symmetric cones of opening angle θw above and below the equatorial plane. The wind power Lw is parametrized in terms of the efficiency according to: Lw = Ṁ BH c 2 , whereṀBH =Ṁin −Ṁw,
is the mass accretion rate at the inner boundary of the simulation domain, vr(t, r, θ) is the local radial velocity of the accreted gas at time t, anḋ
is the wind's mass flux. In the examples presented below the wind is injected uniformly (both vw and ρw) along the inner boundary, with a constant (time independent) velocity vw and opening angle θw = 45
• (as well as θw = 30
• and 60
• in some runs). The wind density is determined, at every time step, from the relationṀwv 2 w /2 = Ṁ BH c 2 = (Ṁin − Mw)c 2 and is time dependent. The wind's Mach number, M = vw/cs, here cs = (γpw/ρw) 1/2 and γ = 5/3 is the adiabatic index, is taken to be large ( M = 10 2 in most examples). We find that the results are practically independent of the choice of M as long as the wind is highly supersonic (M >> 1). The rate at which the SMBH accretes mass can be expressed in terms of the mass inflow rate through the inner boundary,Ṁin, and the wind parameters and vw, as:ṀBH =Ṁin/(1 + 2 c 2 /v 2 w ). It is seen that (vw/c) 2 << impliesṀin Ṁ BH which corresponds to wind ejection from large disk radii.
The simulations were performed using version 4.0 of the PLUTO code (Mignone et al. 2007) . A 2D axisymmetric grid in spherical coordinates (r, θ) is employed, with a regular spacing of the θ grid and non-uniform spacing of the radial grid, that allows higher concentration of grid points in the inner region. The radial grid is divided into two patches, with a uniform spacing in the region rin < r < 10ra and logarithmic spacing beyond 10ra. The uniform patch contains 1000 gridpoints (or a resolution of 10 −2 ra) and the logarithmic patch 600 gridpoints. The θ grid consists of 200 gridpoins. We use axisymmetric boundary conditions on the θ boundary and open boundary conditions at rout, and at rin outside the wind injection zone (i.e., at θw ≤ θ ≤ π − θw)
2 . In our simulations we use a fiducial SMBH mass of MBH = 10 8 M . As will be shown below, in the case of isothermal density profile the results are independent of the SMBH mass, and the Eddington ratio can be readily scaled. For this choice of density profile we find that in most cases the accretion into the SMBH is supercritical if MBH < 10 8 M , and in some cases it is supercritical even at MBH < ∼ 10 9 M . One might then naively expect that in reality the majority of the mass inflowing from the sphere of influence will be expelled from large disk radii, before reaching the SMBH, as models of radiatively inefficient accretion flows (RIAF) predict (e.g., Begelman 2012). However, LN18 argued that the interaction of outflows expelled from large disk radii during the supercritical accretion phase with the surrounding matter is likely to lead to accumulation of the unbound gas above the disk, that in turn exerts pressure on the disk and forces the infowing matter to ultimately reach the inner disk regions, wherefrom the fast winds responsible for the feedback are expelled. What is the actual outcome of supercritical accretion under such conditions is unclear at present. One can partially address this issue by choosing appropriate wind parameterization. The one employed above allows us to consider both, fast winds from the innermost disk radii during supercritical accretion, and slower wind from larger radii of the RIAF. More precisely, sincė MBH /Ṁw = v 2 w /2 c 2 , the fraction ofṀin that is absorbed by the SMBH is controlled by this choice; for a given extraction efficiency , smaller vw implies smallerṀBH . This represents winds that emanate from larger disk radii with a smaller kinetic energy.
In the case of a uniform density medium (case B below) the accretion rate is always highly subcritical.
RESULTS
We performed two sets of numerical experiments. In the first set (case A) the gas was taken to be initially at rest, with a density profile of an isothermal sphere, viz., ρg(t = 0, r) = fgσ 2 /2πGr 2 , where fg = 0.1 is the gas fraction in the protogalaxy. In the absence of an AGN wind the mass accretion rate is expected to quickly reach the dynamical limiṫ and remain constant afterwards (e.g., King 2010) . In general, accretion will commence once the gas cools sufficiently. If initially the gas is maintained at hydrostatic equilibrium, then its temperature is about T mpσ 2 /k 10 7 σ 2 300 K. Under these conditions the primary cooling mechanisms is free-free emission. The free-free cooling time is estimated from Eq. (B4) to be
short compared with ta at radii r < ∼ 30ra 3 . This means that in practice, when accretion sets in the gas is likely to be already cold. Hence, for practical purposes the initial gas temperature can be taken to be small, T0 << mpσ 2 /k. We adopt this approach in the simulations with no cooling. This, however, ignores the potential effect of cooling on the shocked matter (as well as on the ISM), that might alter the evolution of the cocoon. Moreover, the shocked wind material may cool via inverse Compton scattering of the quasar radiation. Equation (B5) implies rapid cooling in the vicinity of ra for a luminosity near the Eddington limit, particularly in fast winds with vw/c > me/mp, for which the electrons in the shocked wind plasma are relativistic. We shall come back to these points in Sec. 3.5 below, where the results for a run with strong cooling is discussed.
As a test case, we performed a simulation with the wind injection switched off and compared the result to the analytic formula, Eq. (7). We find that after a short transient phase of about 2ta, the accretion rate saturates at a value which is larger by about 10% than the analytic value (Fig 4) . This discrepancy is due to our choice of the inner boundary. Fixing the inner radius at rin = 0.01ra brings the numerical result to within 3% of the analytic result. However, we find that reducing rin requires higher resolution of the radial grid in order to avoid a numerical instability. After experimenting with the location of the inner boundary we concluded that rin = 0.1ra is the optimal choice for our purposes.
In the second set of experiments (case B) the initial gas density was taken to be uniform, ρg(t = 0, r) = mpn0. Since the free fall velocity outside the sphere of influence is approximately constant, the density at a given radius r at time t > r/σ is expected to change according to ρ(t, r) ρ0(σt/r) 2 when there is no feedback (i.e., when wind injection is switched off). In particular, at the inner boundary ρ(t) ρ0(t/ta) 2 andṀ 4πρ0σr 2 a (t/ta) 2 (see appendix B for details). Our test simulations with no wind injection reproduce this temporal accretion profile to a good accuracy (see Fig B1) . In this example we assumed that the gas is initially cold, that is, T mpσ 2 /k. If the gas is initially held at hydrostatic equilibrium, then accretion commences only after the gas sufficiently cools. The free-free cooling time is roughly t f f ∼ 10n −1 0 Myr, with n0 measured in c.g.s units (Eq. (B4)). The Compton cooling time tc depends on the accretion rate. For our fiducial simulation we find highly sub-Eddington accretion (see Sec. 3.2), hence we anticipate tc > t f f .
Case A: Isothermal gas
Since radiative cooling is not included in this numerical experiment, the ambient gas was taken to be cold initially to activate accretion. We find that the results are independent of the initial pressure as long as p(t = 0) << ρσ 2 . Snapshots from a simulation with the fiducial values = 10 A strong collimation of the unshocked wind is clearly seen, which is the reason for the elongated cocoon. Such strong collimation is featured in all the cases we explored, and appears to be generic. The velocity of the contact discontinuity slightly changes with time due to the intermittent accretion in the initial accretion burst, with an average value of v h 13σ at time t = 10ta. As also seen from Fig 2, the two cocoons that inflate above and below the equatorial plane merge at early time, forming an equatorial bridge of dense matter which is ultimately pulled in by the gravitational force, and gets accreted by the SMBH. This inflow of shocked matter is evident in the enlarged view displayed in Fig 3, where velocity vectors are indicated by arrows. We find this accretion mode to be quite stable following the initial phase (Fig. 4) . The mass accretion rate appears to be strongly suppressed by the wind feedback. The black solid line in Fig. 4 indicates that it is smaller by a factor of χ ≡Ṁmax/ṀBH 10 3 than the value obtained when wind injection is switched off (Eq. (7)), consistent with the value derived in LN18 for the same parameters. Note that the actual suppression, ofṀin, is a factor of 3 smaller for this choice of parameters. The other lines in Fig. 4 correspond to the different cases listed in table 3.1, as indicated in the figure legend.
It is instructive to compare the velocity of the wind's head with the analytic result derived in appendix A. The ratio of the average wind and ambient gas densities can be computed in terms of the ratio κ =Ṁin/Ṁmax measured in the simulation. The average mass flux of the wind at radius r can be expressed asṀw = ρwvwπa 2 , where a(r) is the cross sectional radius of the wind at r. Combined with Eqs. (5) and (7) one finds:
For our choice of fiducial parameters we find κ 2.5 × 10
and a/r = 0.05 at time t = 30ta, which yields ρw/ρg 1.3σ/vw. The head velocity is given to a good approximation by v h = vw/(1+ ρg/ρw) ρw/ρgvw (see appendix A for details). Thus, v h √ 1.3σvw 11.4σ, in good agreement with the measured value (12.5σ).
To study the dependence of the accretion rate on wind properties we have run simulations with different values of and vw. Those encompass parameters typical to BAL QSO winds (e.g., Borguet et al. 2013; Chamberlain et al. 2015; Williams et al. 2016 ) and ultra-fast outflows (e.g., Pounds & Reeves 2009; Tombesi et al. 2010; Maiolino et al. 2012; Tombesi et al. 2015; Bischetti et al. 2018) . The results are summarized in table 3.1, and compared with the analytic result derived in LN18. The corresponding Eddington ratios, mBH =ṀBH /Ṁ Edd , hereṀ Edd = 2.3 M yr −1 for M8 = 1 and an assumed radiative efficiency of 0.1, are also listed. It is worth noting that cases withṀBH /Ṁw >> 1 may not be realistic, but they are, nonetheless, included in the table as case study. We find a good agreement with the analytic results derived in LN18 for the realistic cases,ṀBH /Ṁw < 1. In particular, for a fixed value ofṀBH /Ṁw the accretion rate at the inner boundary (as well as onto the SMBH) scales roughly as √ . For the cases withṀBH /Ṁw > 1 we find the same trend as in LN18, but with overall lower accretion rates. Note that one can formally writeṀBH = Min/(1 +Ṁw/ṀBH ). Thus, in the regimeṀBH /Ṁw 1 the injected wind power, Lw = Ṁ BH c 2 , is proportional tȯ Min, whereas in the regimeṀBH /Ṁw 1 the wind power depends also on the ratioṀBH /Ṁw. We attribute the somewhat different scaling of accretion rate with wind parameters in these two regimes to this effect. The dependence of accretion rate on wind parameters observed in our simulations is somewhat different than that reported by Ostriker et al. (2010) for a spherical wind. When the wind becomes too weak, such that the shock velocity does not exceed σ significantly, the accretion rate starts approachingṀmax. We find this transition to be quite abrupt; for vw = 0.1c,
−4 the shock velocity is around 1σ, and the wind injection process becomes highly intermittent, switching on and off sporadically. At = 4 × 10 −5 the accretion rate exceeds 200 M yr −1 (ten times larger than for = 10 −4 , while for 3 × 10 −5 the wind is completely suffocated and there is no suppression at all (Ṁin =Ṁmax). A similar behaviour was reported by Costa et al. (2014) .
Finally, we examined the dependence of the accretion rate on the opening angle of the wind. 
Case B: uniform initial state
As in case A, the gas is taken to be initially at rest and cold (kT << mpσ 2 ). In our fiducial simulation the initial gas density is ρ0/mp = 1 cm −3 , = 10 −2 and vw = 0.1c. Since for a conical wind the density ratio ρw/ρg ∝ r −2 , it is naively expected that the wind will undergo a strong collimation. Indeed, we find that this occurs already at early stages, as seen in Fig 6. This gives rise to the highly elongated cocoon seen in the figure, and to a nearly constant head velocity of 4.5σ. The temporal evolution of the mass accretion rate is shown as a solid line in Fig. 7 , where it is compared with the accretion profile in the absence of a wind (dotted line). As seen, in the presence of feedback, the accretion rate approaches a constant value of 6 × 10 −4 M yr −1 after a few ta. Note that for this choice of parameterṡ Min = 3ṀBH . The saturation of the accretion rate implies a suppression that grows with time roughly as t 2 and can reach huge values on relatively short time scales. For example after t 20ta = 0.4 Myr the suppression is already by a factor of 10 3 compared with the maximal possible accretion rate. The prime reason is that the expansion of the cocoon precedes that of the accretion front, implying that the density ahead of the forward shock does not have time to grow significantly beyond its initial value. Consequently, the accretion rate is a fraction of the rateṀ0 = 4πρ0σr 2 a , which is constant in time. This should be compared to the maximal accretion rate obtained in the absence of wind feedback, Eq. (B8), that evolves asṀ0(t/ta) 2 with time. The terminal value ofṀBH depends on wind parameters, but only moderately. The dashed line in Fig. 7 delineates the result of a run with = 10 −4 , vw = 10 −2 c. As seen, it features a very similar accretion profile, with a terminal value larger by a factor of about 7 than the fiducial run, consistent with the result of Negri & Volonteri (2017) . These values are smaller than the accretion rates inferred for high redshift AGNs (at z > 2, see Fig. 1 in LN18 ) by several orders of magnitudes.
Scaling of the simulation
From the above parametrization one readily obtains the scaling of the simulation results with σ. Upon normalizing velocities by σ (ṽ = v/σ), radii by ra, densities by ρ0, accretion rates byṀ0 = 4πρ0σr 2 a , and power by L0 = 4πρ0σ 3 r 2 a , the relationsṁBH =ṁin/(1 + 2 c 2 /σ 2ṽ2 w ) and lw = ( c 2 /σ 2 )ṁBH are obtained, whereṁBH =ṀBH /Ṁ0, min =Ṁin/Ṁ0, and lw = Lw/L0. It is seen that the parameter σ can be eliminated upon redefining the efficiency factor according to˜ = /(σ/c) 2 , yielding a universal model that depends only on the normalized wind parameters,˜ and vw, and in particular is independent of the velocity dispersion of the galaxy. Note that in case A a convenient choice for the fiducial density is ρ0 = fgσ 2 /2πGr 2 a , indicating thaṫ M0 is the maximum rateṀmax given by Eq. (7), which is independent of the SMBH mass. Since the scalings of and vw depend solely on σ, it implies thatṀin andṀBH are independent of MBH as well in case A. This is no longer true in case B, where the initial density introduces another scale into the problem. Note also that if the scalingṀin ∝ q is found for fixed values of σ andṀBH /Ṁw, it can be translated into the scalingṀin ∝ σ 3+2q at fixed values of and vw.
Applying this scaling to case A implies that our finding that for a fixedṀBH /Ṁw value the accretion rate scales roughly as √ means that in case A the dependence ofṀBH on σ should be steeper than σ 3 . To check this, we repeated the fiducial simulation ( = 10 −2 , vw = 0.1c) with different values of σ. The result, exhibited in Fig 8, indicates thaṫ MBH ∝ σ 5 . This dependence is slightly steeper than expected from the table, however, note that the table doesn't cover the values that correspond to σ = 100 and 150. Indeed, if these two points are excluded the fit is closer to σ 4 . Note also that the time required to reach a quasi-steady state (complete decay of the initial transient) scales as σ −2 , hence much longer runtimes are needed for the low sigma runs to reach the final values, and it could be that the result is somewhat affected by this. The latter scaling breaks down in the supercritical regime (σ300 > 1) if the accretion into the SMBH is capped at the Eddington limit. The above results imply that for an isothermal gas distribution, feedback introduces a robust suppression of gas inflow within the expanding cocoon. The amount that will ultimately be absorbed by the SMBH depends primarily on the physics of the accretion flow in the vicinity of the black hole.
Effect of resolution
To examine the effect of resolution on the evolution of the system we made runs with varying number of grid points. We have performed several different tests, in some keeping the same number of angular cells and changing the radial grid and in others vice versa. In those tests the resolution was increased until we reached convergence. We find that reducing the resolution of the radial grid (keeping the same angular grid) merely leads (except for the expected loss of structure) to a modest increase of the accretion rate. Our convergence test indicates a reduction of about 15% in the accretion rate in the fiducial simulations when the resolution of the uniform patch was increased from 250 to 1000 gridpoints.
More significantly, we find that insufficient angular grid resolution near the axis results in less collimation of the wind and a considerably slower shock velocity. An example is shown in Fig. 9 , where a run identical to the case shown in Fig. 6 but with 50 angular gridpoints rather than 200 (and the same radial grid) is exhibited. The differences are apparent; the low resolution run features a round cocoon and a decelerating shock, whereas in the high resolution case the cocoon is elongated and the shock velocity is roughly constant. The terminal accretion rate in the low resolution case is smaller by a factor of about 3 compared with the high resolution case. The increase in accretion rate with increasing resolution is a consequence of the stronger collimation, that leads to a smaller energy deposition in the cocoon (as is evident from the difference in velocity of the wind's head between the high and low resolution runs (see Figs 6 and 9).
Effect of cooling
In order to explore the effect of cooling on the evolution of the accretion rate, the fiducial simulation in Case A was repeated with cooling included. In difference from the nocooling runs, the gas in the bulge is taken initially to be in a hydrostatic equilibrium. Accretion commences after a few cooling times during which the temperature near the sphere of influence is sufficiently reduced. To simplify the numerics, we find it sufficient to incorporate only bremsstrahlung cooling, which for the high gas densities invoked in case A, is much faster than the wind propagation (see Eq. (8)). We used the power law cooling module implemented in PLUTO, and set the temperature floor at 5 × 10 5 K. We have made two runs, one with the resolution used in the cases with no cooling, and another one with a resolution 4 times higher (400 gridpoints in θ and 2000 in the uniform patch of the radial grid). We find some differences in structure between the two runs, and a higher mean accretion rate in the low resolution case, but the overall trend is quite similar. We think that the higher accretion rate in the low resolution case results from artificial stability of the dense filaments, that prevents their destruction. As the resolution increases more clouds are prone to instabilities and ultimately crash. Unfortunately, this very high resolution increases the computing time dramatically, and so we were able to run the simulation only up to a time of about 3ta. Below we present the results of the high resolution run.
Cooling of the shocked wind gas via inverse Compton scattering of the quasar radiation is ignored in the present study. Weather it is important (King 2003; King & Pounds 2015) or not (Bourne & Nayakshin 2013 ) is yet an open issue. From Eq. (B5) we estimate vwtc/r ∼ 0.05r, assuming strong coupling between electrons and ions. This implies effective wind cooling up to r ∼ 20ra for our setup. The latter estimate should be reduced by some factor if the equilibration time of ions is not much shorter than the wind expansion time (Faucher-Giguère & Quataert 2012) . On the other hand, beaming of the quasar radiation, that might enhance the luminosity in the polar region, can lead to a more effective cooling. Based on these estimates we naively anticipate that wind cooling might only be important in the early stages of evolution, unless strong beaming ensue. We intend to add this to our model in a future work.
Figure (10) displays density and temperature maps at times t = 0.2ta and 2.5ta. As seen, the shocked ambient gas is compressed to a very thin shell early on by virtue of the fast cooling. This leads to a rapid growth of the Rayleigh-Taylor instability, as clearly seen in the images in the two left panels. Complete mixing of the shocked wind and shocked ambient matter is observed at later times (the cold dense blobs seen in the right panels). This is seen more clearly in the enlarged view of the inner region exhibited in Fig. 11 . We speculate that the cold, dense blobs seen in the plot may be associated with star-forming sites (see also Nayakshin & Zubovas (2012) ; Zubovas et al. (2013) ; Mukherjee et al. (2018) ). However, it could well be that our resolution is insufficient to allow growth of local instabilities that might destroy the clouds. Such instabilities are expected to be generated at the interface of dense clouds by the engulfed wind. A rough estimate of the shock crossing time of a cloud of size R cloud and density ρ cloud is tcross ∼ (ρ cloud /ρw) 1/2 (R cloud /vw) = (ρ cloud /ρw) 1/2 (R cloud /ra)(σ/vw)ta. For the wind velocity adopted in this example, vw/σ = 100, and cloud size R cloud /ra < 1, even clouds of density ρ cloud > ∼ 10 4 ρw are expected to be shredded over time of a few ta. While we observed disruption of some blobs, most seem to survive though the runtime. As their mean velocity is σ due to the drag exerted by the engulfed wind, their ultimate fate is uncertain.
The temporal evolution of the accretion rate is shown in Fig. 12 (solid line) and is compared with the no-cooling run for the same wind parameters. As expected, it is highly intermittent by virtue of the strong inhomogeneity of the inflowing matter within the cocoon. As in the no cooling case, we find that accretion onto the inner boundary occurs predominantly along an equatorial belt (Fig. 11) . The mean rate is initially high, owing to the strong compression of the shocked ambient gas, that leads to a late merger of the two cocoons compared with the no cooling case, but then declines over time as the cocoons merge and expand. The mean rate seems highly suppressed, as in the no cooling case, but given the limited runtime the actual value is uncertain. A more comprehensive analysis is left for a future work.
We note that, in practice, thermal instabilities may develop in the unshocked medium (Ciotti & Ostriker 1997) , leading to formation a clumpy structure outside the cocoon that might affect its dynamics and the resultant accretion rate (e.g., Nayakshin & Zubovas 2012; Mukherjee et al. 2016 ). This, however, requires the instability growth time to be short compared with the expansion time of the cocoon, and the clumps to survive their interaction with the wind. The lack of heating processes in our simulation prevents such an occurrence, and further analysis is beyond the scope of this paper.
CONCLUSIONS
We conducted a numerical study of the effect of AGN wind feedback on the accretion onto the SMBH, that resolves scales much smaller than the SMBH sphere of influence (∼ 5 pc for a 10 8 M BH). We considered two initial gas density profiles; uniform and isothermal. We studied first, in details, accretion when cooling of the gas is ignored, and then considered the effect of bremsstrahlung cooling on the feedback process. The latter analysis should be considered preliminary, as it is limited by the relatively short runtime and the neglect of Compton scattering of the quasar emission by the shocked wind plasma.
The main conclusion to be drawn from our analysis is that strong suppression of the mass accretion rate by feedback is generally anticipated, despite the strong collimation of the wind observed in essentially all of the cases explored. The level of suppression depends on the density profile of the accreted gas. For initially uniform gas density, ρ0, the mass accretion rate was found to be constant in time and of the order ofṀ0 = 4πρ0σr 2 a , compared to the accretion with no wind that grows as t 2 . For typical ISM densities, ρ0/mp ∼ 1 cm −3 , this rate is smaller by several orders of magnitudes than the typical accretion rates observed in samples of high redshift AGNs (see LN18, and references therein).
When the initial gas density has an isothermal sphere profile, the maximal accretion rate (in the absence of feedback) is the spherical free-infall rate (Eq. (7)). We have found that over a broad range of wind parameters (i.e., and vw), that encompass values inferred from observations of BAL QSO winds and ultra-fast outflows, wind feedback suppresses the net mass infall rate to less than ∼ 3% of the maximal rate. This suggests that subgrid prescriptions for the accretion rate in large scale cosmological simulations should not exceed this value (although cooling can somewhat alter this value). The regulated mass infall rate is independent of the SMBH mass, scales roughly as σ 5 , and its dependence on the wind parameters is consistent with that expected from momentum balance, as derived in LN18. The actual mass absorption rate by the SMBH is determined by the accretion disk physics, which is beyond the scope of this paper. When using realistic parameters (see the cases in table 3.1 whereṀBH /Ṁw < 1), the terminal SMBH accretion rate is between about 0.2 and 20 M yr −1 for σ = 300 km/s. These rates are somewhat lower than those inferred from observations when cooling is ignored. Our preliminary study seems to indicate that the accretion rate increases by a factor of a few in the presence of rapid cooling, in better agreement with the observations. The corresponding Eddington ratios in table 3.1 span the range 0.1 to about 10 for the fiducial black hole mass adopted in the simulations (MBH = 10 8 M ). The possibility of super-Eddington accretion in these situations is discussed in (e.g., Volonteri et al. 2015; Begelman & Volonteri 2017; Levinson & Nakar 2018) . For larger SMBHs (MBH > 10 9 ) these accretion rates correspond to mildly The yellowish stripe that envelopes the wind in the density map in the left panel is the compressed, shocked ambient shell. The fingers indicate an early onset of the Rayleigh-Taylor instability at the contact surface, that leads to mixing of the shocked wind and shocked ambient material, as seen in the right panel (and more clearly in Fig. 11 ). It also leads to deflection of streamlines of the unshocked wind, and its disruption.
sub-Eddington accretion, in accord with the Eddington ratios measured for high redshift (2 < z < 7) AGNs (Levinson & Nakar 2018 , and references therein). The final SMBH mass will be limited by the net mass accreted over the time it takes the shock to cross the bulge. The time it takes the shock to cross the bulge is
300 Myr, where M b = 10 12 M b,12 M is the bulge mass, vs is the shock velocity, and typically vs/σ a few. The SMBH mass increment over this time is ∆MBH Ṁ BH ts ∼ 10 9 (σ/vs)σ 2 300 M b,12 M , adopting the scaling delineated in Fig. 8 , withṀBH = 5M yr −1 at σ300 = 1 (corresponding to a typical BAL wind with = 10 −3 , vw = 0.03c, see table 3.1). With vs/σ ∼ a few from the simulations, this is somewhat smaller than the largest SMBH masses inferred from observations, or, when using the Faber-Jackson relation, from the Magorrian relation (e.g., Magorrian et al. 1998; Kormendy & Ho 2013) . Again, rapid cooling is likely to give rise to a largerṀBH and a larger ∆MBH . Furthermore, the above estimate applies to a single episode, while it could well be that the SMBH growth occurs over several merger episodes, as discussed in LN18. Observationally, the flat accretion phase is seen only at redshifts z > 2, below which the mean rate rapidly declines (see data in LN18). We interpret this as indicating enhanced cosmic (merger) activity at early epochs, during which growth occurs.
Inclusion of cooling leads to a rapid growth of the Rayleigh-Taylor instability at the contact interface early on, followed by complete mixing of the shocked wind and ambient gas. The strong inhomogeneity of the inflowing matter gives rise to a highly intermittent accretion, however, we find that the mean rate remains highly suppressed. At the end of our simulation the average accretion rate is higher by a factor of about 10 than in the no cooling case. Given our limited runtime, and the lack of Compton cooling and heating in addition to bremsstrahlung losses, farther study is required to confirm these preliminary results.
The above estimates ignore the effect of self-gravity (e.g., Pringle 1981; Lodato 2007) , that may give rise to fragmentation of the disk at large radii, thereby reducing the mass accretion rate. However, this may only be relevant for extremely thin disks (H/r 1). For instance, at a radius of r ∼ 10 3 rg from a 10 8 M SMBH, the Toomre criterion is satisfied provided H/r < 10 −3 (Lodato 2007 ). Wether such conditions can prevail in those systems, particularly given the heating expected by the quasar emission, is highly questionable. Figure 11 . Enlarged view of the inner region of the flow at time t = 2.5ta. The inwards equatorial stream of inhomogeneous matter seen in this plot gives rise to intermittent accretion (Fig. 12) . The cold dense blobs seen at higher inclination angles move inwards rather slowly, at a velocity σ. These blobs may be sites of star formation. a fluid element, initially at rest at a radius r0, to reach this velocity is t ∼ r0/σ. Hence, the accretion front propagates roughly as r(t) ∼ σt. Assuming a constant velocity vr = −σ within the accretion front (r < σt) and vr = 0 outside (r > σt), the solution to the continuity equation, ∂tρg + r −2 ∂r(r 2 vrρg) = 0, readily yields ρg(r, t) = ρ0(1 + σt/r) 2 .
At r << σt we have to a good approximation ρg = ρ0(σt/r) 2 . The associated mass accretion rate iṡ M (t) = 4πr 2 ρgσ 4πρ0σr 2 a (t/ta) 2 .
A comparison between the analytical and numerical solution is exhibited in Fig. B1 .
